Abstract. To remain competitive, companies must regularly offer new products to consumers. A major challenge for designers is therefore to come up with design solutions and define products that are both new and adapted to future users and usages. Although classic methods and ergonomic recommendations are useful in most run-of-the-mill design contexts, they are of limited benefit when the design situation requires greater creativity. This paper therefore addresses issues related to product design by pursuing a triple objective: (1) highlight the difficulties encountered by designers in imagining and conceiving new products, (2) find out which conditions could help designers come up with creative ideas for innovative products, and (3) suggest methods and tools to support designers' creative process and help them take other stakeholders' needs and expectations into consideration.
Introduction
Coming up with design solutions and defining products that are both new and adapted to future users and usages is a vital task for designers [6, 7] . Indeed, in order to stay competitive, companies must regularly bring out new products for consumers to try.
User-centered design methods can help designers understand users' expectations, needs and limitations, and take them into consideration during the design process. They include the "personas" method [16, 38] , ergonomic recommendations (e.g., [36] ), and Ergonomic Criteria [40] . Such user-centered design methods have undeniable benefits in terms of taking users into account, but when design situations require greater creativity, they may make it harder for designers to imagine and conceive future products.
This raises several questions: What specific difficulties do designers encounter when conceiving future products? How can designers anticipate-or even invent-the needs of future users? How can designers come up with creative designs for future products? How can such complex creative processes be supported? How can future products be assessed when users are not familiar with the use of such innovative products?
This paper addresses some of these issues by pursuing three complementary objectives: highlight the difficulty encountered by designers in conceiving future products by adopting a cognitive approach to creative design; explore, through the use of complementary methods (interviews, questionnaires, and experiments), how designers come up with creative ideas for innovative products; suggest methods and tools for supporting designers' creative process.
Cognitive approach to creative design and designers' difficulties

Cognitive approach
From a cognitive point of view, one of the main characteristics of the design process is that it can be considered as a problem-solving process, in that no solution can be directly applied to resolve it. Moreover, design problems are regarded as "ill-structured" or "ill-defined" [23, 43, 44] , insofar as designers' mental representations are initially incomplete and imprecise. Only by going through the problemsolving process itself can designers complete their mental representations. Thus, the design problemsolving process has been described as the coevolution of problem and solution spaces [22] .
Designers continue to hone their mental representations until they arrive at a design solution that meets the most relevant criteria, depending on the design context. In the case of future products, the design solution must be both new and adapted to the characteristics of the situation or context (e.g., future users and usages; [6, 7] ).
This double criterion is in accordance with the A-CM (Analogy and Constraint Management) model proposed by Bonnardel [4, 6] , which highlights the roles of two main cognitive processes: analogy and constraint management. According to this model, these two processes continuously interact during the design process and contribute to other cognitive processes, too, such as solution evaluation and the consideration of other viewpoints. Analogy and constraint management may have contrasting effects, in line with the notion of divergent and convergent thinking:
-analogy-making encourages designers to extend or open up their "search space" to new ideas; -constraint management allows designers to give focus to their search for ideas. It also helps them to assess ideas or solutions, and thus gradually delimit their search space, until they find a solution that is both new and adapted to the various constraints. The A-CM model is partially in line with the Geneplore model [25, 50] . This last model outlines two generic phases of creativity, a generative phase, in which mental representations, or "preinventive structures", are constructed, and an exploratory phase, when these structures are explored in ways that lead to insights and discoveries. These stages in the production of creative outcomes are seen as distinct, yet cyclical [25] . The preinventive structures come in the form of visual patterns, object forms, mental blends, category exemplars, mental models and verbal combinations.
Designers' cognitive difficulties
In line with the standard definition of "creativity" [5, 31, 32] and the models described above, designers charged with dreaming up future products can be assumed to encounter at least two main difficulties: (1) finding new ideas, and (2) defining the relevant constraints despite having little or no information about either the future products' desirable characteristics and future usages, or future users' needs.
Difficulty finding new ideas
The difficulty designers have finding new ideas is highlighted with reference first to models of creativity and design, then to experimental results.
Models of creativity and models of design have several similarities (see [7] , for an analysis of these similarities). First, creativity models usually describe a "preparation" phase [48, 27, 1] and design models an "analysis" phase [2, 34] . The vocabulary may be different, but in both these stages, creators/designers gather information to help them define and redefine the problem at hand, in line with the design problem characteristics described earlier in this paper. Second, these models describe a "generation" or "synthesis" phase, which results in solutions being put forward. Some authors have also identified an "incubation" stage, involving the formation of ideas in the unconscious mind (see [48] ), and/or an "illumination" stage, which corresponds to the sudden conscious awareness of an interesting idea [27, 48] . An additional phase, variously labeled "evaluation" [3, 23, 27, 33] , "verification" [48] or "validation" [1] may be followed by a phase in which the solution is communicated to other people [1, 44] .
The first study described in Section 3 was designed precisely to determine whether these descriptions coincide with designers' own perceptions of their creative activities.
When designing future products, designers frequently try to infer future usage and user expectations by carefully analyzing products similar, to such an extent, to the one to conceive. But what is the effect of such practices? Do they favor the emergence of new ideas?
Several experiments have sought to gauge the effect of examples of pre-existing products on participants' creative output. As such, they relate to both the preparation/analysis and generation/synthesis phases.
Experiments have been conducted with either professional designers, design students, or students with no design training whatsoever, such as psychology students (see, for instance, [20, 30, 39, 45] . In general, half the participants are provided with examples of previous products (or objects), while the other half are not given any examples at all. These experiments have demonstrated a robust effect of "conformity to examples", despite variations in the participants' level of expertise and previous training, or the wording of the instructions. This effect has been called "design fixation" [30] and it inhibits creativity in the sense that participants introduce characteristics of the suggested examples into their output, even when they are explicitly told not to do so and even when the examples have features that do not fit the problem at hand. This conformity effect has also been observed in "no example" conditions, with participants' productions conforming to pre-existing categories [49] . It therefore seems particularly difficult for designers to come up with creative ideas that represent a genuine break with existing objects or products. Although various levels or forms of creativity can be used to define what is creative (see [46] ), it is always necessary to introduce features into the design solutions that cannot be found in existing products.
The second study presented in Section 3 was designed to pinpoint the conditions that facilitate (or hinder) the generation of new ideas. Section 4 describes computational systems in line with our experimental results.
Difficulty defining constraints for future products
A second kind of difficulty encountered by designers who have to conceive future products concerns the definition of relevant constraints for constructing their mental representations of future products and usages. Nevertheless, the management of such constraints is crucial if they are to meet the criterion of "adaptation to the situation or context".
The management of constraints may be undertaken by either conscious or unconscious processes, and several kinds of constraints have been identified (see [3, 4] ). Constraints managed by designers may be "internal" -called "constructed" constraints -when they depend on the individual designer's background, previous experience and preferences. Other constraints may be "external", in that they are "prescribed" and set out in a design brief or result from the use of specific materials, tools or systems. Other kinds of constraints, described as "deduced", are inferred by the designers themselves in the course of a "reflective conversation" [42] around "externalizations" of ideas, for instance, in the form of sketches or drafts. This reflection can also result from analyses of the current situation or context, on the basis of analyses of future users' needs or expectations or analyses of the implications of previous choices and decisions. Therefore, constraints arise throughout the creative design process, itself constantly linked to other cognitive processes, such as solution generation and evaluation. Together, these different processes help to explain the dynamics of the creative process and are thus in line with the "situated cognition" approach to design [28, 29] .
Due to their complex management and their key role in the design process [3, 21, 19] , it is particularly challenging for designers to define the constraints that will allow them to anticipate the desirable characteristics of new products adapted to future usages and user needs. First, as pointed out previously, it is difficult for designers to go beyond what they already know. In addition, not all usages can be envisioned by designers, as users typically appropriate products and invent new uses for them. Nevertheless, methods that can help designers anticipate desirable characteristics for future products are evoked in Section 4.
Analyses of factors and processes involved in creative design
A combination of methods was used in the present research to analyze the factors and processes involved in creative design. First, factors involved in designers' creativity were analyzed on the basis of interviews and questionnaires conducted with professional designers. In addition, an experiment was conducted on one of the main cognitive processes in creative design, namely the evocation of creative ideas.
Factors involved in creative design
To analyze how designers perceive their own creative activities, interviews and questionnaires were administered to 25 professional designers, with 14 mean years of design experience.
Methods
The interviews and questionnaires were based on the multivariate approach proposed by Sternberg and Lubart [47, 32] . The main benefit of this approach is that it encompasses both individual characteristics and environmental conditions. The following factors were taken into account: cognitive factors (e.g., knowledge), conative factors (e.g., related to personality or motivation), emotional factors and environmental factors.
During the interviews, the professional designers were asked about their training and experience, the nature of their creative process and their core work. Finally, they filled out a questionnaire requiring them to rate all the factors described in the multivariate approach on a 7-point Likert-type scale, to show the importance they attributed to these factors.
Main results
The main results allowed us to identify which components of the creative process were perceived by professional designers as being the most important:
-openness to new experiences, new ideas and esthetics (mean score 6.43); -self-or "reflexive" evaluation (see [3] ) (mean score 6.11); -definition and redefinition of the design problem (mean score 6).
These results are in line with the models of creativity and design described above. In addition, they highlighted the importance of "openness to new experiences, new ideas and esthetics". To determine the best way of nurturing this openness, experimental studies focusing on the process of evocation of new ideas are described below.
Evocation of new ideas
The evocation of new ideas is a process that leads to the generation of ideas. It is also related to design problem definition/redefinition, insofar as it relies on the mental representations that designers construct of the problem at hand (see, for instance, [10] ). Several experimental studies have explored this process and sought to identify conditions that might help designers to extend their idea search space [11, 12, 8] . Depending on the experiment, participants are provided with different kinds of examples, such as images vs. words, or images conveying positive vs. negative affects (or emotions). In Bonnardel and Marmèche's study [11] , professionals and novice designers were given intra-or interdomain examples. The general hypothesis was that inter-domain analogies would favor the evocation of new ideas, thus contradicting previous studies that had mainly shown a "design fixation" effect.
Method
Seventy-five participants took part in the present study: 25 professional designers and 50 "novices" who had no previous training in design.
Participants were asked to design a cybercafé seat in accordance with a design brief. They had to per-form this design task while thinking aloud, in order to allow us to identify their sources of inspiration and, on this basis, determine whether they had opened up their search space.
Depending on the experimental conditions, participants were either in a "free" design situation, where they tackled the design problem as they wished (without any examples), or in a "guided" situation, where they were provided with examples. In the latter, participants received either examples of previous objects belonging to the same conceptual domain as the object-to-be-designed, i.e. "intra-domain" examples (as in previous experiments), or examples of objects belonging to other conceptual domains (far removed from that of the object-to-be-designed), i.e. "inter-domain" examples.
Main results
Participants' verbalizations were transcribed and three judges analyzed them to identify the number and nature (intra-or inter-domain) of the new sources of inspiration they evoked.
Results showed an effect of the level of design expertise: professional designers evoked significantly more sources of inspiration than novices (6.4 vs. 2.9 on average, F(1, 73) = 10.33; p < .01). Furthermore, there was a significant interaction between the nature of the examples and the level of expertise, F(2, 71) = 13.33; p < .001). Unlike the novices, the professional designers reacted differently to the examples they were given:
-the intra-domain examples appeared to inhibit the evocation process, in accordance with the "design fixation" effect; -by contrast, the inter-domain examples appeared to favor the professional designers' evocation process (10.5 sources of inspiration cited in the inter-domain condition on average vs. 3.5 in the intra-domain condition). Moreover, analysis of these new sources of inspiration showed that the professional designers in the inter-domain condition evoked significantly more inter-domain sources than the participants in the other two conditions (i.e. "free" or "intradomain" conditions) (F(2, 71) = 26.71; p < .001). These results showed that it is possible to help professional designers, though not novices, avoid spontaneously focusing on intra-domain sources of inspiration. Inter-domain examples were found to encourage professional designers to extend their idea search space in order to exploit inter-domain analogies. These results served as a basis for reflections on the development of new computational systems support designers (see §4.2).
Supporting the design of future products
The analysis of designers' difficulties and the results of the two studies described above were used to suggest methods and computational systems that could be useful in the design of future products.
Methods for defining relevant constraints
A range of ergonomic methods can be used to support designers in defining the relevant constraints for conceiving future products, depending on the evolution of the designers' mental representations and their problem and solution spaces.
First, analyzing the different uses of existing products could help designers understand to such an extent, what might happen with a future product. Thus, situations that share some of the characteristics of the future situation of use can serve as reference situations for reflecting on the use of the future products, their most suitable characteristics and their functionality. However, similarities between existing and future situations can only ever be partial and designers need to think carefully about what should remain similar and what should be innovative. In addition, as previously pointed out, there is a major risk of designers encountering the effect of "design fixation" [30, 39] or conformity with existing products or usages, which may limit their ability to come up with creative ideas.
Designers can also use "personas" [16, 38] , that is, hypothetical characters boasting all the attributes of real people, to figure out future users' profiles and needs. Personas are used in user-centered design to put a "face" on (future) users and avoid a selfcentered approach. Recent studies have tended to show that the use of personas favors designers' ideation process [17] .
There are other ways of imagining future users and usages. The Wizard-of-Oz technique can help to elicit users' needs and understand their behavior when using the "future" product (see, for instance, [40] ). Other interactive simulations can be based on media such as CAD simulations or virtual reality, which aim to insert users in a potentially realistic environment. Such contexts can place users in situations in which their behavior (in the presence or absence of future products) can be regarded as giving an accurate illustration of future user behavior [18] . Howev-er, anticipating use through the analysis of user' behavior is obviously limited, as unexpected uses frequently crop up later [35] .
Computational systems for coming up with new ideas and respecting constraints
There are at least two kinds of computational systems that could support designers in finding new ideas and respecting constraints (for more systems, see [14] ): systems that encourage designers to extend their idea search space and "critiquing systems" that help them to determine whether the new solutions they have conceived meet the relevant constraints.
Extending the idea search space
In line with the experiments described earlier (e.g., [11] ), the TRENDS system [15] has been developed to encourage designers to look for new ideas in order to develop creative products. This system features a database of 2 million images drawn from more than 350 Websites. This inspirational material can be accessed via a hybrid semantic search of text and images, formalized in the Conjoint Trends Analysis method. Semantic adjectives used in the design world allow users to submit one-word queries and retrieve related images (see Fig. 1 ). A recent experimental study analyzed the use of this system by individuals with different levels of design expertise [9] .
Assessing design solutions and respecting constraints
Critiquing systems allow designers to create design solutions as they wish and then support them in assessing these solutions (see, for instance, [26] ).
These systems analyze the design solution in progress, identify its drawbacks (i.e., incompatibility between its characteristics and the constraints it has to respect) and provide the user with critiques consisting of messages pointing out weaknesses in the design solution. To investigate the impact of these systems, a critiquing system was specially designed, built and assessed in relation to the design of Voice Dialog interfaces [13] .
Specific design support systems could be developed in order to help designers take into account not only prescribed constraints, but also constraints relating to other stakeholders, such as future users or retailers (see [51] ).
These different kinds of support systems could favor the design of future products. In particular, professional designers could be supported by a system such as TRENDS for the first stages of the creative design process and by a critiquing system for the following stages. The evocation stage would thus be dissociated from the evaluation one, as recommended in the "brainstorming" method [37] . A way also needs to be found for assessing the use of new technologies to support creativity in design activities. Indeed, new difficulties may arise from the use of radically new support systems. Designers therefore need to be given sufficient time to familiarize themselves with a new system if they are to benefit fully from all its functionalities.
Conclusion
The different analyses and studies described in the present article highlight two main kinds of difficulty encountered by designers charged with conceiving future products: finding new ideas and defining the relevant constraints. With regard to these difficulties, a combination of methods and computational systems could be used to help designers imagine and conceive new products.
